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In order to study the effect of thermal treatment on the structure and optical properties of biomimic
hierarchical ZnO column arrays, the as-grown biomimic hierarchical ZnO column arrays were annealed in
air from 200 to 650 °C, and the change of their hierarchical structure was observed by the high-resolution
transmission electronic microscopy image. The UV-vis spectra exhibited an interesting change of the
structure with different annealing temperatures. Photoluminescence intensity of annealed biomimic
arrays was increased at about 520 nm. The mechanism of visible emission was also discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

ZnO0, a typical II-VI group compound semiconductor, is an excel-
lent electronic and photonic material due to the wide direct band
gap(3.37 eV)atroom temperature and large exciton binding energy
(60 meV) which is much higher than that of ZnSe (20 meV) and
GaN (21 meV) [1]. In recent years, it has attracted much atten-
tion because of the increasing need for short-wavelength photonic
devices, electronic devices [2-4], light-emitting diodes [5], pho-
todetectors [6], and so on. Moreover, its ultraviolet and blue
emission has been drawing considerable attention recently [7-10].

Because the annealing treatment has significant influence on
the structure and the photoluminescence (PL) of ZnO films, many
studies [11-19] have researched the relationship between the
annealing temperature and PL property of ZnO thin films. Sun et al.
[11] studied the influence of annealing atmosphere on the electri-
cal and optical properties of the deposited ZnO thin films. Ran et al.
[16] reported that the PLintensity of ZnO films was decreased when
annealing temperature exceeded a certain temperature. Study of
Choppali et al. revealed that there was an increase of grain size
and texture coefficient along the c-axis for the ZnO thin films with
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the increase of annealing temperature [18]. Some groups also have
researched the biomimetic array of ZnO nanorods through multi-
step orlongreaction time [19,20]. However, the direct fabrication of
large-scale arrays of the hierarchical ZnO columns with controlled
crystalline structure remains a significant challenge.

We have successfully prepared biomimic hierarchical ZnO col-
umn arrays by sol-gel method through adding dimercaptosuccinic
acid (DMSA), and they possess layer-by-layer nano-structure and
PL property, which are similar to those of biogenic calcium car-
bonates [21]. Their layer-by-layer bonding depends on DMSA
molecules. As we have known, dimercaptosuccinic acid is a chela-
tor, which can be bound to the metals. The connection between
DMSA and ZnO was zinc ions and mercapto sulfur atom. Briefly,
the bonds of S-Zn will form because of the bond of SH cleaves and
the strong affinity between S and Zn. For the thiol groups of DMSA
linked with ZnO may inhibit the further growth of ZnO along (001)
direction, the thiol groups of DMSA between ZnO sheets can be con-
nected through the condensation of two SH groups. Sequentially,
the unusually oriented column-like structures of ZnO sheets can be
formed through orderly stacking of ZnO sheets, which are directly
relative to the function of DMSA [21]. The detailed explanation of
the mechanism for the layer-by-layer growth of ZnO by the addition
of DMSA was described in our previous paper [21]. However, effects
of the thermal treatment on the layer-by-layer structure and opti-
cal properties of biomimic hierarchical ZnO column structures still
remain open questions. In this work, we studied the change of the
structure and the optical properties of biomimic hierarchical ZnO
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column arrays after annealed at 200-650°C in air, and discussed
the mechanism of the changed optical properties of the annealed
biomimic ZnO column arrays.

2. Materials and methods
2.1. Materials

Analytic grade hexamethylene tetramine, zinc nitrate hexahydrate were pur-
chased from Chengdu Kelong Chemical Co. Ltd. (China). Dimercaptosuccinic acid
(99%) was obtained from Acros, USA.

2.2. Preparation of biomimic hierarchical ZnO column arrays

The biomimic hierarchical ZnO column arrays were prepared on common glass
substrates. The cleaned glass slides were immersed in the solution containing an
equimolar zinc nitrate-6-hydrate [Zn(NOs3),-6H,0] and hexamethylenetetramine
[HMT] (0.05 M) for 5 min, and then heated at 500°C for 10 min in a muffle furnace.
The coating process was done three times to ensure complete and uniform cov-
erage of ZnO seeds on the substrates. The prepared ZnO seed layers were used as
the buffered layers for the growth of biomimic ZnO column arrays. Subsequently,
the glass slides with buffered layers were placed vertically in a solution containing
equimolar Zn(NOs ),-6H, 0 and HMT (0.025 M), and reacted at 80 °C, then DMSA with
a concentration of 0.0025 M was added into the above aqueous solution after reac-
tions had been for 5 h, and continued to react at 80°C for 12 h. After that, the glass
slides were removed from the aqueous solution and rinsed with deionized water
several times. Finally, the glass slides were dried at room temperature.

2.3. Heat treatment of biomimic hierarchical ZnO column arrays

The as-prepared biomimic hierarchical ZnO column arrays were annealed at
200-650°C in air for 60 min and subsequently cooled to the room temperature.

2.4. Characterization

The morphology of the annealed hierarchical ZnO column arrays was charac-
terized by scanning electron microscopy (SEM, JSM-5900LV, Japan). The crystalline
structure of the samples was analyzed using X-ray diffraction (XRD, X'Pert, Holand)

with Cu Ko radiation. The diverse photoluminescence characteristics of hierar-
chical ZnO columns array annealed at various temperatures were investigated
through the PL measurement (F-7000, Hitachi) with Xe laser at room temperature,
and ultraviolet-visible (UV-vis) spectra performed by U-3010 spectrophotometer.
The crystal lattice of the annealed ZnO column at 600°C for 1h was character-
ized by high-resolution transmission electronic microscopy (HRTEM, JEM-2100,
Japan) and accompanying selected area electron diffraction (SAED). Differential
scanning calorimeters (DSC) and thermogravimetry (TG) were carried out with
TG/SDTA851¢ analyzer by METTLER-TOLEDO Co. of Switzerland. 10 mg of the pow-
der was placed into an alumina vessel and heated at a rate of 2.5 °C/min up to 700 °C
in air.

3. Results and discussion
3.1. Structure and morphology

Fig. 1 shows the morphologies of unannealed and annealed
biomimic hierarchical ZnO column arrays. In Fig. 1a, each col-
umn contains lots of hexagonal ZnO wafers with a diameter of
~0.8 wm. The cross-section image in the inset of Fig. 1a shows
that the thickness of ZnO column array is about 1 wm, and that the
columns almost grow vertically to the substrate. When biomimic
hierarchical ZnO column arrays are annealed at 200°C for 1h,
the hierarchical structure can remain, and the expected surface
becomes less smooth compared with unannealed ZnO columns
(Fig. 1b). The surface becomes rough when the sample is annealed
at 400°C, and the diameter of hexagonal ZnO wafers has decreased
to ~200 nm (shown in Fig. 1c). A column with about 1 wm length on
the ZnO film (marked by an arrow in Fig. 1¢) indicates that the thick-
ness of film still remains at about 1 pm after annealing at 400 °C.
Fig. 1d is the morphology of the sample after annealing at 650 °C,
showing that the thin wafers in column are fused together, and
morphology of ZnO column arrays has deteriorated. The change of
morphology should result from the decomposition of DMSA, which
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Fig. 1. SEM images of (a) unannealed biomimic hierarchical ZnO column arrays, inset is the cross-section image of the sample, and annealed biomimic ZnO column arrays

at (b) 200°C; (c) 400°C and (d) 650°C.
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Fig. 2. (a) XRD patterns of samples treated under different conditions, (b) TEM image of ZnO column annealed at 600°C for 1 h, inset is SAED pattern corresponding to the
small frame area marked, and (c) the corresponding HRTEM image; (d) HRTEM image of an unannealed ZnO column, corresponding to the small square area marked in inset.

connects with two ZnO ultrathin sheets (shown in our previous
paper [21]).

Fig. 2a shows the XRD patterns of the samples treated under
different conditions. All diffraction peaks can be indexed to the
wurtzite phase of ZnO (Joint Committee on Powder Diffraction
Standards (JCPDS) Card No. 89-1397). It shows that the column
arrays grow along [00 1] direction after annealing treatment and
the intensity of (001) peak is the strongest in ZnO characteris-
tic peaks. Moreover, the change of (00 1) peak intensity could be
observed from 200 to 650°C. The XRD patterns also reveal that
ZnO column arrays exist a preferred (00 1) orientation, which can
be attributed to the fact that the surface free energy of ZnO (001)
plane is minimum at the growth stage [15]. Fig. 2b presents a TEM
image for the tip of a typical ZnO column annealed at 600°C for
1 h. The corresponding SAED pattern (the inset in Fig. 2b) indicates
the single crystalline nature of the annealed ZnO column. HRTEM
image in Fig. 2c shows the 2.6 A {00 1} lattice fringe parallel to the
basal plane, which is taken from the rectangle region of the rod in
Fig. 2b. It provides further confirmation that the columns are grow-
ing along the [00 1] direction. Some layer-by-layer structures are
also observed in Fig. 2c. Fig. 2d is HRTEM image of unannealed ZnO
column corresponding to the small square area marked in inset of
its TEM image, and it shows clear layer-by-layer structure. These
results indicate that the hierarchical layer-by-layer structure of ZnO
rod could remain after annealing.

In order to confirm the effect of annealing treatment on ZnO
columns, TG/DSC analysis in air was carried out. Fig. 3 shows the
TG/DSC curves of an unannealed ZnO column sample. Moderate
weight loss for the sample up to about 200°C is attributed to the
release of adsorbing water on the surface. The endothermic events
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Fig. 3. TG/DSC curves of unannealed biomimic hierarchical ZnO column arrays.
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with large weight loss of about 2% around 388 °C could result from
the thermal decomposition and carbonization of DMSA, revealing
that there is about 2 wt% of organic component (DMSA) in the unan-
nealed ZnO column sample. The continuous decrease of DSC curve
after 600 °Cindicates that the oxidation of these carbonizations also
continues to occur. The thermal decomposition and carbonization
of DMSA, which could exist among the (00 1) planes in the unan-
nealed ZnO column sample, resulted in the slight change of the
lattice spacing of the sample from 0.56 nm of the unannealed into
0.52 nm of the annealed.

3.2. Optical properties

Fig. 4 shows the UV-reflectance spectra of biomimic hierarchi-
cal ZnO column arrays annealed at different temperatures. The
reflectance below 375nm is rather weak due to the band gap
light absorption [22]. However, an abrupt increase in reflectance
at ~425nm is observed for all samples. The reflectance of hierar-
chical ZnO column arrays is decreased gradually with the increase
of annealing temperatures from 200 to 400 °C, which results from
sintering of DMSA leftover and the destroyed smooth facet of
hierarchical ZnO column arrays during heat treatment, which
are corresponding with the results of TG/DSC and SEM images
(Figs. 3 and 1). On the other hand, the reflectance is markedly
enhanced as the temperature is increased to 600 °C, it may be due
to the conjunction of the thin wafers in column, which results in
the ZnO increasing density on the substrate as a whole. This is
corresponding with the results of SEM images.

Fig. 5 is the PL spectra of the biomimic samples annealed at dif-
ferent temperatures. It is obvious that two peaks of 395 nm and
420nm in these PL curves are joined together, which is resulted
from the change of the intrinsic structures and zinc vacancy,
respectively. Many studies had indicated that the UV emission
might be due to the band-to-band transition and the free exci-
ton recombination [23,24]. In this case, the main peak results
from the confusion of two peaks of 395-420nm after anneal-
ing. From Fig. 5, it could be observed that the increased intensity
of the peak at 420nm is more than that of the peak at 395 nm
after annealing. In addition to the emission in UV region, the
change of visible emission can be observed and two main peaks
can be identified at 465nm and 520 nm. The intensity of peaks
at 465nm and 520nm is all increased, which also indicates the
change of defects in ZnO. These phenomena could be explained
as follows.
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Fig.4. Reflectance spectra of the biomimic hierarchical ZnO column arrays annealed
at different temperatures.
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Fig. 5. PL spectra of the samples annealed at different temperatures.

However, it is well known that ZnO easily produces intrinsic
defects such as interstitial zinc (Zn;) and oxygen vacancy (Vo).
These defects will affect the photoluminescence behavior of ZnO in
different ways [25]. Fig. 6 is the sketch of the defect’s levels in ZnO.
The energy interval from the bottom of the valence band to the Zn;
level (2.9 eV) is exactly consistent with the energy of the UV emis-
sion observed in our experiment. As shown in Fig. 5, the increased
intensity of UV emission results from the decrease of organic left-
over due to oxidation. Because the radius of Zn?* is smaller than
that of 02, Zn; may exist in crystalline after they were annealed.
As aresult, Zn; provides a great lot of electrons for conduction band
that could produce UV emission through the formation of exciton
with valence band cavity [1]. Although the annealing treatment
in air maybe make O enter into the crystal lattice and decrease
oxygen vacancy with the increase of the annealing temperature
[26], oxygen vacancy could be inevitably increased because lots
of organic molecules were removed during the annealing treat-
ment.

Besides the UV emission in PL spectra, visible emission is
observed around ~520nm. The work of Vanheusden et al. [27]
assigned green emission around ~520 nm to the transition between
the photoexcited holes and singly ionized oxygen vacancy. Because
the center energy of the green peak, 2.40eV, is smaller than the
band gap energy of ZnO film, 3.3 eV, the green emission must be
related to a local level in band gap. Thus, the intensity variation of
the green emission might result from the variation of the intrinsic
defects in ZnO columns, such as zinc vacancy Vz,, oxygen vacancy
Vo, interstitial zinc Zn;, interstitial oxygen O;, and antisite oxygen
Ogz,. It can be seen from Fig. 6 that the energy interval from the
valence band edge to the oxygen vacancy Vg (2.40 eV) is consistent
with the energy of the green emission observed in the experi-
ment.
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Fig. 6. A schematic diagram of the defect state levels for ZnO.
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4. Conclusions

In summary, we have demonstrated the changes of structure
and optical properties of biomimic hierarchical ZnO column arrays
annealed at different temperatures. HRTEM images and XRD results
display that the typical structure of ZnO remains after annealing.
PL spectra suggest that the central emission of the annealed hier-
archical ZnO column samples transfers from 395 nm to 420 nm
after annealing. The mechanism of the increasing photolumines-
cence intensity of ZnO column arrays at about 520 nm needs to
be further investigated in future. Moreover, the reflectance spectra
property exhibits an interesting variation of the morphology with
the different annealing temperatures.
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